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By Williem Lewls, U.S. Weather Bursau*

SUMMARY

" Msasurements of the vertical distributlon of lliquid water
concentration and drop size have been made in winter stratus
clouds in the absence of significant cyclonlc or frontal
activity., The observations indlcate that the clouds are
formed by turbulent mixing of the lowsr layers of the abtmos-
phere, resulting in a region of constant specific humidity and
adliabatic lapse rates. Calculatlions based on these character-
1stics were used to construct a graph which gilves the llquid
water concentration in terms of the temperature at the cloud
base and the height avove the base. In clouds from which no
snow was falllng, the measured values were in good agreement
with those given by the graph., Snowfall was found to deplete
the ligquld water content especlally in the lower vart of the
cloud layer, causing dissipation of the cloud from the base
upwards. ‘

The technique uzed for measuring drop sizes glves only
the maximum size present and hence only minimum values for the
number of drovs. The results obtalned are consistent with the
theory that the number of drops per unit volume is constant
within the cloud and the size distribution is more uniform 1ln

the upper layers. :

‘ Reasonable assumptions concerning maximum cloud thickness
lead to the conclusion that the liquid water concentration at
temperatures below freezing in noncyclonle stratus wlll not
exceed 1.5 grams per cublc meter,

1This report was prepared by IMr. Iewls in collaboratlion with
the staff of the Ames Laboratory during & period of active
particlpation by Mr, Lewis in the NACA 1lcing research
program, _
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INTRODUCTION~.

In order to eetablish & retional basis for the efficient
design of thermal lce-preverntion systems for airplanes, the
Armes Aeronautical Laboratory of the National. Advisory 6omnit
for Aeronsutice ha¢ undertalken’ sn experimentel investigation
of the neteorologlcal conditions conéucive to the formation of
ice on aircraft. A C-46 eirplans has bgen eguipmned to measgure
free wafer, alr temmerature,. and Grop .size in clouda.  The
resulkts of the iie<4Vate” and temlersture messurements made -
during. the- 10L L. geason have ‘been reported in reference 1.

. ;he ﬂrincipal phyﬂical factors defermining 1cing )
conditlons. are temperature, liquid wafor-concentration,, and

. drop. slze. - The mﬁteovological conditions of icing involve the
dis»rlbutiOﬁ T thege dhysical variables within. clouds an8.
precinitation of varioug ty®se in verious gynomntlc weather:
sltuationg. - Thig roport nresents regults of obeservations of.
the distribution:orf.liquid water vonecentratipn and dron-eize
in.winter stratus.clouds in-the abeence of qignificant frontal
or.8yclonic activity.: The obgervasiong were made near -
Minnea»olis, Mina., in Mevsmher and Decerber, 13U,

(o 14:;- APDARATUS A“D MET?OD
i’AiT tenuera ture. and free xauer ooncentration vere measured
essentially by the  game methode discusecd by Herdy,in refer—
ence.l, - The remarke contained thoreln apPly equally-to the
present investigation except that the dev—point meter has
been modified to function ag an sutometic instrument. The
‘method: consigted of-measuring the dew:'point of-s sample of
2lr wvhich hacd been heated enough to evaporate all the free
waler. ~The-differcnce betvecn this dew point and the free-
alr temperature as meacursd with a pércury-in-glage Theriom-.
eter, corrected for kinetic heating due %o the speed of the.
alrplane, was ueged to Lalculste tac free water concentratioq,

i Drop: eizgs were meessured by means of a cylinder whilch
wes -covered with- bluenrint paper. and exbtended for. a few.
cgeconds into the alr stresm witnh its axls normel to. the”’
direction of motion. A lU-inch-diameter cylindsr wag.chosen
Ceince Itoan be used tomedaure 4bop dlameters fTrom 8 to 35
mlcrons at speedeg from 120 to 200 miles »er hour. The blue—
print paper was exposed to light Just »rior to use to make it
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SUMMARY

Megesurements of the vertical distribution of liquid water
concentration and drop size have been made in winter etratus
clouds in the abeence .of gignificant cyclonic or frontal
activity. The observsatlions lndlcate that the clouds are
formed by turbulent mixing of the lower layers of the atmos—
phere, resulting in s reglon of congtant specific humidity and
adiagbatic lapse rates. GCalculations based on these charscter—
lstics were uged to construct a graph which gives the liquid
water concentration in terms of the temmerature at the cloud
base and the height above the basge. Inh clouds from which no
8NOW wasg falling, the measured values were in good agreement
with those given by the graph. Snowfall was found to deplete
the liquid water content esgpecially in the lower w»art of the
cloud layer, causling diesipation of the cloud from the base
upwards.

The %technique used for measuring drom sizesg gives only
the maximum size present snd hence only minimum values for the
number of.drops. The results obtained are conelsgtent with the
thecry that the number of drops per unit volume lg consgtant
within The cloud and the size digtribution is more uniform in
the upvmer layers. .

Reseonable assumptione concerning maximum. cloud thickness
lead to the conclusion that the liquid water concentration at
temperatures below freezing in noncyclonic stratus will not
exceed 1.5 grame per cublc meter.

1rhig report wae prepared by Mr. Lewls in collaboration with
the ataff of the Ames Laboratory &uring a mneriod of active
participation by ¥r. Lewls in the NACA iciﬂg regearch
Program.
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INTRODUCTION

In order to egtabllsh a rational baelis for the efficient
¢eslgn of thermal ice-prevention systems for slrplanes, the
Ames Aeronautical Laboratory of the National Advisory Gommittee
for Aeronauticsg hae undertaken an experimentel invegtigation
of the meteorological conditions conducive to the formation of
ice on airecraft. A C-46 sirplane has bteen equipved to measure
free water, alr temwerature, and drop size in clouds. The
regults of the free-water and temverature measurements made
during the 1943-LL geason have been reported in reference 1.

The vrincinal phyglcal factors deternining icing
condivions are temperature, liquid water concentration, and
drop slze. The meteorological conditiocns of icing involve the
dlstribution of thesge physicel variables within clouds and
precivitation of various tyves in varlous gynoptlc weather
gltuations. Thle revort nregents results of obeervations of
the distributlion of liquid water concentration and drop size
in winter stratus cloude in the abgence of significant frontal
or cyclonic activity. The obsgervations were made near
Minneapolis, Minn., in November and December, 1L,

APPARATUS AND METHOD

Alr temperasture and free water concentration rere measured
eggentially by the same methods discusecd by Hardy in refer-
ence 1. The remarke contained thercin apply equally to the
present inveetigation except that the dev-point meter has
been modified to function as an aubtometic inetrument. The
method consisted of measuring the dew point of a sample of
2lr which had been heated enough to evaporate all the free
water. The difference between thls dew voint and the free-
alr temperature as measured with & mercury-in-glags thermnom—
eter, corrected for kinetic heating due to the egpeed of the
alrplane, was used to calculate the free water concentratlion.

Drop slzes were meessured by means of a cylinder which
was covered with bluerrint paper and extended for a few
secondg into the ailr stream with 1ts axis normal to the
directlon of motion. A bB-inch-diameter cylinder was chosen
gince 1% can he used to measure drop diameters from & to 35
mlcronsg at speede from 120 to 200 miles »er hour. The blue-—
print paper was exposed to light Just prior to uge to make it
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sensitive to small amounts of moisture, The impingement of _
drops on the cylinder ceaused wetting of a strip along the wind-
ward slde which was identified by a change of color of the
blueprint paper. According to the theory of the movement of
drops around a oylinder as developed by Glauert (reference 2),
the width of the area of impingement of drops is a function of
the alrspeed, the drop size, and the dismeter of the cylinder.
Data from Glauert's paper, corrected for deviations from
Stokes! law, were uged to draw a set of curves which give the
drop diameter directly from the width of the ayea cf impinge-
ment and the alrspeed. .These curves determine the diameter
with an accuracy of about =2 percent; however, 1t must be kep?t
in mind that these results contein any errors that may be
present In Glauertls data. This method gives only the eize of
the largest drops that are present in sufficient quantity to
affect the blueprint parver and tells nothing directly abouf
the size dietribution.

The quantity used in this revort to repressent drop glze 1s
the mage of one drop times 105 Tuis quantity, which is
designated Wipp, represents the liquid water concentration
in gramg per cubic meter of a cloud having 100 such drops per
cuble centimeter. If the drops are all the same size, the
number of drops_ner. cublc centimeter ig obtained by dividing
the measured liquid water by UWi00. If the size distribution
is got uniform, the calculated number of drops will be too
gmalle. . )

The date were collected by flying the ailrplane in a circle
at conestant rate of climb from a point in the clear air below
the cloud (when possible) to a point above the cloud -tops
Readings of all instruments were taken frequently during the
climb and the resulting values were plotted against altitude,
Similar readings were made in descent through the cloud layer.

METECROLOGICAL DISCUSSION

The temperature and dewvw-point. curves obtained as . .ore-
viouely outlined support the view that thege stratues clouds
are formed at the top of the surface turbulence layer at 2000
to U000 feet above the ground ge & reeult of the downward eddy
flux of heat and upward flux of moisture. Once condensation:
has begun, radiation from the upver surface of the clouds PO~
vides additional cooling, which eauses the cloud. layer to
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incrsage in thickness and intensifies the vertical mixing
which maintains adiabatic lapese rates from the ground to the
top of the cloud, The radiational cooling of the cloud layer
also gerves to eeteblish and meintain a sharp temperature
inversion at the cloud top which establishes gn upper limit €o
the turbulent and convective rixing and thus prevents loegs of
moigbure to the drier lsyers aloft. The etructure of this
noncyclonic winter stratus ig very simllar to that of the
summer sbtratus of the Pecific znd CGulf coasts.

Since the moiet layer is charascterized by nearly complete
adiabatic mixing, it followe that the liquld water concen-
tration at any voint in the cloud may be calculated by
considering an air parcel 1ifted adiabatically from the conden-
sation level. The free vater is found by taking the change in
gsaturation mixing ratio, which repregents the amount of :
condenged water in grams per kilogram of dry alr and can be
- read from a pseudoadlabatic chart, and multiplying 1t by the
number of kilograms of dry alr per cublc meter of esaturated
alr to obtain the liquid waber concentration in grams per cuble
meter. The results of euch calculatione when the condensation
pressure ie taken ss 980 millibars (3h% £t, preesure altitude)
are pregented in figure 1. A similar char% (fig. 2) was
prepared for a condensation oressure of 850 millibars
(L.780 £t, pressure altitude). The two charts give the same
values for liquid water concentration to within 0.l gram per
cublc mefter for all wvaluee of condensatlon temperature below-
freezing and cloud thicknesga lesgs than l:000 feet. This shows
that the actual elevation of the cloud base, or condensation
level, ig of little importance _and the significant factors
are the temperature at the cloud base and the height above
the c¢loud base. :

According to the generally accepted theory of atmoepherilc
condensation as presented by Petterseen (reference ')y and
Simpson (reference 5), the number of drops ver unit volume in
a cloud 1ls determined by the number and size distribution of
the hygroscopic nuclei pregent-and the rate of cooling at the
time of condensation. If cooling is very slow, enly slight
supersaturation will occur and only the largest nuclel will
become- effective as centers of condensation, while more rapid
cooling produces a higher degree of eupersaturation and a
larger number of nuclel become active. As cooling continuss,
the number of drops remalilns constant vhile the liquid water
concentration and drop size increaee together. OCalculatlons
made by Petterssen (reference U) ueing an equation developed
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by Houghton show that as the drops grow the size becomes more
uniform. These facts suggest, therefore, that the use of the
¢ylinéer method in the determinauion of drop gize wlll produce
data which are a good spproximation of the average drop aize
at the cloud ftop, but which indicate Grop elzes conelderably
larger than the average near the base of the cloud. This
reeulte in veluss of N, the number of drops per cublc centi-
nmeter, which are apnvgximately correct in the top of the cloud
and too emall in the lower Dortions. Agsuming that the actual
number of drops mer unit volume is constant throughout the
cloud, the value of N calculated for the upper -art may be
used with the mearured values of 1liquld water content for the

entlre layer to obtein a good apnroximation of the average
drop size. '

RESULTS AND DISCUSSION

Qenresenta+ive temoerature, dew point, liquid weter, and
6ron-siqe data as obtained during four flignts tharough non-
cyclonic stratus clouds are presshted in Tigure 3. The values
of 100 obtained From individual observations have been
plotted and are represented by a feired curve. Also presented
in figure 3 are the droplet diameters in micrones and values
of N, both of which have been computed from the faired curve

of WlOO and the averase drop dlameter as calculated on the
agounpblion that the Value of "N Tmeacured at the top of %the
cloud is the true value for the entire cloud layer.

During flight 126 (fig. 3(a)), the cloud base was very
indefinitec and %the lapse rate in that vicinity was less than
the adiabatic, indicating incomplete mixing. The velues of -
liquid water concbﬁtretion determined from ITigure 1, were .
lower than the measured values near the top of the- cloud and
higher near the base. The differenceeg, hovever, are not larger
than the uncertsinty of .measuremert. The inc"ease of N from
the base to the ton of the cloud layer may be intermreted
elther ag 2 real increase in number of drope or a more homo—
gensous size distribution in the cloud %on, The data are not
incongistent with the drop-size theory given above but do not
give poeitive proof of 1te correctnees.

The cloud base was not reached on flight 127 (fig. 3(b))
a8 1t wasg below the lover 1limit of smafe flivht altitude, butb
1t was approximately determined from surface reports as at
about 1200 feet altitude. Thies glves a total cloud thickness
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of about 1000 feet and s cesleulated maximum liquld water
concentration of 0.39 grams per cubic meter as compared with
0.43 as measured with the dew-point instrument. In this
flight the data indicate a nearly uniform number of dropsa
but data are availlable only for the upper half of the cloud.

o The air-temperature and dew-point valuee were much lower
(10° F to 20° F) on flight 123 (fig. 3(c)) than on the previ-
ougly discugged flights. At.these temperatures it is llkely
that the deposit on the mirror of the dew-polnt inetrument was
comnosged of frogt instead of dew. BSBlnce a cloud containing
liquid water drops 1s assumed gaturated with respect to liquid
water in calculating the frec-water from the dewv—point data,
the dew point rather than the frost point nust be ueed. The
dew-point meter readings were therefore corrected by eub-
tracting the difference bhetween the gaturgtion temnmeratures
wlth respect to ioe and water. Thie flight was conducted
after snow had begun to fall from the clecud layer. In order
to interpret the date, then, conslderation must be given to
the effect of snow on the liquid water concentration in the
clouds and on the asccuracy of the measurements.

The Effect of Snow on the Measurement of ILilquid Water

Since the dew-point meter measures the dev point of a
gample of gir into which all the free water hag been
evaporated, the free-wabter content valueg obtained in this
way repreegent the total of snow end liquid water unless a
correction 1s made. This was done by assuming that all the
free water measured at the altitude of the c¢loud base wasg
in the form of show and that no gnow was present at the cloud
top. A etraight line waa drawn between these two points To
represent what the dew »point would have been 17 no enow had
been present. This dew-point curve wag used in calculating
the liquid water concentration.

The Effect of Snow on the Liquid Water Content

It ig not known at present whether snowflskes are Formed
a8 a reault of the freezing of water drope or by devcaition
of vapor.on separate nuclei but in either case i1t is likely
that they form with esomevhat greater frequency in the upper
portiong of the cloud where the temmerature is lower.
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Wherever they form, they grow rapidly, due to The vapor pressure
¢ifference between ice and water, and fall through the cloud
ag they grow. This resulte in 2 higher concentration of snow—
Tlakes and more rapid Gepletion of liquid water in the lower
layers of the cloud, vhich results in raleing the cloud base.
During the early staged of this process, the liquid water
concentration near the %top of the cloud where there has been
little depletion may be considerably greater than would be
expected from figure 1, since the cloud base no longer
repregents the mixing condeneation level. Thie flight is an
example of such g _gituation. The liquid water conc¢entration
ls only 0.51 gram per cubic meter as indicated by Tfigure 1,

vhile the measured value is 0.73.

The drop slzes obrerved on this flight_also are conslstent
with the 1dea of a uniform number of drops with a nonuniform—
glze distribution in the lower layers.

Snow had been Talling for geveral hours »revious to flight
130 (fig. 3(4)) snd all the 1liquid water hed turned to snow
except for a thin layer in the top of the cloud. The clouds
broke up soon after the flight. The liquid water and drop—
glze data chow that the lagt remnants of liquid vater in a
cloud wvhich turns to snow are in the topmoet layer.

Since noncyclonlc stratus cloude are formed within the
surface turbulence layer, the thickness of this layer sets an
upper limit to the thicknese of the cloud layer. The highest
etratus top encountered was at an altitude of 5300 feet which
was about H5OO feet a2bove the ground. It is believed tha®t this
1s gbout the upper limit of the height of the tops of clouds
of this type. The maximum thickness observed was 2400 feet.
There 1s much obgervational evidence to support the view that
very low bages sre seldom encountered in etratus when the tops
are relatively high. It seems reasonable then to assume a
case with a top L500 feet sbove the ground snd a layer 3000
feet thick as representing a good apvroximation To the most
unfavorable cohdition likely fo be met. Figure L ahows the
relation between liquid water concentration and- temperature
at’ the top of a 3000-foot layer. This shows a water content
of 1.5 grams per cubic msbter at 32°F, which 1g the highest
that is likely %to occur abt freezing temperatures. It should
be noted that the formation of snow is much more likely at
temperatures below 15° F, making the existence of thick water
clouds less likely at these temperatures.

&
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CONCLUDING REMARKS

Obacrvatione made in noncyclonic winter stratug clouds
indicate that if snow is not falling, the liquld water concen-—
tration can be apvroximately detcrmined from the tomperaturc
of the basc and the thicknese of the layer by assuming molst-—
%diabatic lapse rate and constant total water contont within

ho cloud,.

The obecrvatlons of drop size arc not inconsistent with
the theory that the number of drops per unit volume is congtant
throughout the layer and the sizc distribution 1ls more uniform
in thc top than noar tho basg. :

The effect of snowfall is a progrescive depletion of
liquid water starting at the cloud beege and continulng until
only a thin layer of liquid water remsins in the top of the
cloud.

Calculations based on recasonablc assumptions concerning
maximum cloud thicknees show that the liquld water concen—
tration in noneyelonic stratus clouds is not likely to exceed
1.5 grams per cubic meter at temperatures below freeczing.

Ames Aeronautical Laboratory
Natlional Advisory Commi%tee for Acronsutics,
Moffett Pield, Crlif., June 1947,
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